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NiO  films  were  prepared  by  chemical  bath  deposition  and  electrodeposition  method,  respectively,  using 
nickel  foam  as  the  substrate.  The  films  were  characterized  by  scanning  electron  microscopy  (SEM)  and  the 
images  showed  that  their  morphologies  were  distinct.  The  NiO  film  prepared  by  chemical  bath  deposition 
was  highly  porous,  while  the  film  prepared  by  electrodeposition  was  dense,  and  both  of  their  thickness 
was  about  1  p>m.  As  anode  materials  for  lithium  ion  batteries,  the  porous  NiO  film  prepared  by  chemical 
bath  deposition  exhibited  higher  coulombic  efficiency  and  weaker  polarization  and  its  specific  capacity 
after  50  cycles  was  490  mAh  g-1  at  the  discharge-charge  current  density  of  0.5  A  g-1 ,  and  350  mAh  g-1  at 
1.5  A g_1,  higher  than  the  electrodeposited  film  (230  mAh g-1  at  0.5  A g-1,  and  170  mAh g-1  at  1.5  Ag_1). 
The  better  electrochemical  performances  of  the  film  prepared  by  chemical  bath  deposition  are  attributed 
to  its  highly  porous  morphology,  which  shorted  diffusion  length  of  lithium  ions,  and  relaxed  the  volume 
change  caused  by  the  reaction  between  NiO  and  Li+. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  lithium  ion  film  batteries  are  widely  used  as  the  power 
supplies  for  the  microcircuit  of  electronic  products.  Among  these 
microbatteries,  one  kind  of  the  promising  anode  material  is  the 
transition-metal  oxides  (MO,  where  M  is  Fe,  Co,  Ni,  and  Cu),  which 
have  been  widely  studied  since  they  were  first  proposed  by  Taras- 
con  and  co-workers  [1-6].  These  films  can  be  prepared  by  a  variety 
of  methods,  such  as  the  electrostatic  spray  deposition  technique 
[7,8],  pulsed  laser  ablation  [9,10],  chemical  bath  deposition  [11-17], 
and  electrodeposition  [18-21  ].  These  oxide  films  demonstrate  high 
reversible  capacities  as  high  as  700  mAh  g-1  and  exhibit  good 
cycling  performances.  However,  many  films  are  less  than  500  nm 
in  thickness,  which  contain  too  small  quantity  of  active  materials. 
If  the  film  is  thicker,  the  electrical  conduction  in  the  film  is  poorer 
and  the  diffusion  length  of  lithium  ions  is  longer  as  compared  to 
the  thinner  film,  which  may  lead  to  worse  electrochemical  proper¬ 
ties.  In  this  case,  the  morphology  of  the  thick  films  should  be  taken 
into  careful  consideration,  because  it  is  closely  related  to  the  elec¬ 
trochemical  performances.  For  example,  for  the  porous  thick  film, 
the  electrical  conduction  may  be  better  and  the  diffusion  length 
of  lithium  ions  may  be  shorter  as  compared  to  the  dense  thick 
film.  However,  to  our  knowledge,  not  many  investigations  have 
been  done  on  the  morphology  effect  on  the  electrochemical  per¬ 
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formances  of  film  electrode.  So  in  the  present  work,  two  NiO  films 
with  distinct  morphology  were  prepared,  that  are,  a  porous  NiO  him 
prepared  by  chemical  bath  deposition,  and  a  dense  NiO  him  pre¬ 
pared  by  electrodeposition,  and  their  electrochemical  properties 
were  investigated. 

2.  Experimental 

The  NiO  him  by  chemical  bath  deposition  was  prepared  as  fol¬ 
lows.  Solution  for  chemical  bath  deposition  was  obtained  by  mixing 
40  mL  of  1  M  nickel  sulfate,  30  mL  of  0.25  M  potassium  persul¬ 
fate,  10  mL  of  aqueous  ammonia  (25-28%),  and  20  mL  of  deionized 
water  in  a  beaker  under  stirring  at  room  temperature.  The  nickel 
foam  substrate  with  a  size  of  3  x  4  cm2  was  placed  vertically  in  the 
solution  and  deposited  for  1  h.  After  being  washed  and  dried,  the 
substrate  was  heat  treated  in  a  quartz  tube  furnace  at  350  °C  for  2  h 
in  howing  argon. 

The  electrodeposited  NiO  him  was  prepared  as  follows.  The  elec¬ 
trolyte  was  composed  of  1  M  nickel  nitrate  and  its  pH  value  was 
adjusted  to  1.5  with  concentrated  nitric  acid.  Nickel  foam  with  a 
size  of  3  x  4  cm2  was  used  as  the  working  cathode  and  nickel  sheet 
with  the  same  size  as  the  auxiliary  electrode  with  the  distance 
of  5  cm.  Electrodeposition  was  carried  out  at  60  °C  for  1  h  with  a 
cathodic  current  of  50  mA.  Finally,  the  nickel  foam  substrate  was 
heat  treated  in  a  quartz  tube  furnace  at  350  °C  for  2h  in  howing 
argon. 

The  structure  and  morphology  of  the  products  were  charac¬ 
terized  by  means  of  X-ray  diffraction  (XRD,  Rigaku  D/max-3B), 
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Fig.  1.  XRD  patterns  of  the  NiO  films  prepared  by  (a)  chemical  bath  deposition  and 
(b)  electrodeposition. 

scanning  electron  microscopy  (SEM,  FEI  Sirion),  and  transmission 
electron  microscopy  (TEM,  JEOLJEM200CX). 

Test  cells  were  assembled  in  an  argon-filled  glove  box  using  the 
as-prepared  NiO  films  as  working  electrode,  Li  foil  as  counter  elec¬ 
trode,  polypropylene  film  as  separator,  and  an  electrolyte  of  1  M 
LiPF6  in  a  50:50  (w/w)  mixture  of  ethylene  carbonate  and  diethyl 
carbonate.  The  cells  were  galvanostatically  discharged  and  charged 
repeatedly  at  different  current  densities  of  0.5  A  g-1  and  1.5  A  g-1 
over  a  voltage  of  0.1 -3.0  V  vs.  Li+/Li.  Cyclic  voltammetry  (CV)  tests 
were  carried  out  using  a  CHI660C  electrochemical  workstation  at  a 
scanning  rate  of  0.5  mV  s-1  between  0  and  3  V. 

3.  Results  and  discussion 

For  the  porous  NiO  film,  the  reactions  in  the  chemical  bath 
deposition  were  studied  before  [13,14].  The  first  process  was  that 
the  homogeneous  nucleation  and  precipitation  of  nickel  hydroxide, 
which  can  be  written  as  follows: 

Ni2+  +  20H-^  Ni(OH)2 

Then  the  Ni(OH)2  reacted  with  persulfate  on  the  substrate,  and 
it  was  oxidized  to  the  higher  oxidation  states,  which  can  be  written 
as  follows: 

2Ni(OH)2  +  S2C>82-  ->■  2NiOOH  +  2S042- +2H+ 

For  the  dense  NiO  film,  the  electrochemical  reactions  on  the  cathode 
were  also  studied  in  earlier  works  [19-21  ].  The  Ni2+  in  the  solution 
reacted  with  OH-,  which  was  produced  by  the  reduction  of  NO3- 
close  to  the  cathode,  forming  Ni(OH)2,  according  to  the  following 
reactions: 

N03“  +  H20  +  2e_  ->  N02-  +  20H- 
Ni2+  +  20H-^  Ni(OH)2 

It  is  reported  that  during  this  electrodeposition,  the  hydroxide 
films  will  form  at  a  low  specific  current  density  [20,21  ].  In  this  case, 
the  cathodic  current  is  only  50  mA,  as  the  specific  surface  area  of 
the  nickel  foam  is  very  high,  the  specific  current  density  is  reduced 
to  a  low  value.  So,  the  nucleation  and  deposition  of  Ni(OH)2  is  very 
slow,  and  results  in  the  formation  of  the  dense  film. 

XRD  patterns  of  films  from  the  chemical  bath  deposition  and 
the  electrodeposition  are  given  in  Fig.  1 .  Excluding  the  three  strong 
peaks  from  the  nickel  foam  substrate,  the  peaks  at  37.3°,  43.3°,  and 


Fig.  2.  SEM  images  of  the  NiO  films  prepared  by  (a)  chemical  bath  deposition  and 

(b)  electrodeposition.  The  cross-sectional  SEM  images  of  the  NiO  films  prepared  by 

(c)  chemical  bath  deposition  and  (d)  electrodeposition. 
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Fig.  3.  TEM  images  of  the  NiO  particles  separated  from  the  films  prepared  by  (a) 
chemical  bath  deposition  and  (b)  electrodeposition  (inserts:  SAED  patterns). 

62.9°  in  both  patterns  can  be  assigned  to  (1  1  1 ),  (2  0  0),  and  (2  2  0) 
reflections  of  cubic  NiO  (JCPDS  card  no.  47-1049),  respectively,  and 
no  other  peaks  of  impurities  can  be  seen,  indicating  that  the  NiOOH 
and  the  Ni(OH)2  precursor  were  completely  decomposed  to  NiO 
after  the  heat  treatment. 

The  SEM  morphologies  of  the  both  films  are  shown  in  Fig.  2.  The 
film  prepared  by  chemical  bath  deposition  (Fig.  2a)  has  a  porous 
morphology,  and  is  constructed  by  many  interconnected  nanoflakes 
with  a  thickness  of  about  20  nm.  The  NiO  flakes  arrange  vertically  to 
the  substrate,  forming  a  net-like  structure  and  leaving  pores  with  a 
size  of  about  200  nm.  However,  the  film  prepared  by  electrodepo¬ 
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Fig.  4.  The  comparison  of  the  first  discharge-charge  curves  of  the  two  film  elec¬ 
trodes. 


sition  is  dense  with  no  pores  in  it.  As  the  film  is  very  dense,  during 
the  heat  treatment,  the  decomposition  of  the  as-deposited  Ni(OH)2 
film  results  in  a  severe  shrinkage,  leaving  many  cracks  in  the  film, 
as  shown  in  Fig.  2b.  The  highly  porous  morphology  is  beneficial 
to  the  electrochemical  performance  as  the  porous  film  has  a  high 
specific  surface  area,  which  will  be  discussed  later.  According  to 
the  cross-sectional  SEM  images,  it  is  clear  that  both  the  film  pre¬ 
pared  by  chemical  bath  deposition  (Fig.  2c)  and  the  film  prepared 
by  electrodeposition  (Fig.  2d)  have  a  thickness  of  about  1  p,m.  Fig.  3 
gives  the  TEM  images  of  the  particles  which  were  separated  from 
the  films  by  ultrasonic.  Fig.  3a  shows  the  image  of  a  NiO  nanoflake, 
and  it  can  be  seen  that  it  is  very  smooth.  However,  as  shown  in 
Fig.  3b,  the  particles  from  the  dense  film  are  corrugated  without 
any  characteristic  morphology. 

Fig.  4  shows  the  first  discharge-charge  curves  for  the  two  film 
electrodes.  Both  of  the  films  exhibit  the  first  discharge  capacity 
of  about  1000  mAh  g-1,  much  higher  than  the  theoretical  value 
(718mAhg_1),  which  is  due  to  the  formation  of  solid  electrolyte 
interphase  (SEI)  in  the  first  discharge,  and  this  happens  in  all 
transition-metal  oxides  including  NiO,  FeO,  CoO  and  CuO.  This 
SEI  layer  is  a  gel-like  film  which  contains  ethylene  oxide  based 
oligomers,  LiF,  Li2C03  and  lithium  alkyl  carbonate  (ROC02Li)  [22]. 
The  first  charge  capacity  for  chemical-bath-deposited  film  elec¬ 
trode  is  700  mAh  g-1,  leading  to  the  initial  coulombic  efficiency  of 
70%.  However,  for  the  electrodeposited  film,  its  first  charge  capacity 
is  only  530  mAh  g-1,  leading  to  a  much  lower  initial  coulom¬ 
bic  efficiency  of  only  53%.  This  is  because  the  porous  film  has  a 
larger  contact  area  between  the  film  and  the  electrolyte,  and  a 
much  shorter  diffusion  length  of  lithium  ions,  resulting  in  a  more 
complete  discharge-charge  reaction.  So  the  first  charge  reaction 
Ni  +  Li20  -»  NiO  +  2Li  can  proceed  to  a  higher  extent  and  thus  results 
in  higher  initial  coulombic  efficiency.  It  is  obvious  that  the  film  pre¬ 
pared  by  chemical  bath  deposition  shows  a  higher  discharge  plateau 
and  a  lower  charge  plateau,  indicating  smaller  potential  hysteresis 
and  lower  internal  resistance  of  the  cell. 

Fig.  5  shows  the  CV  curves  of  the  two  film  electrodes  at  a  scan  rate 
of  0.5  mV  s-1.  For  the  chemical-bath-deposited  NiO  film  electrode, 
a  main  reduction  peak  locates  around  0.57  V,  and  a  low-density 
peak  near  1.23  V,  correspond  to  the  reduction  of  NiO  to  metallic  Ni 
nanoparticles  and  the  formation  of  a  partially  reversible  SEI  layer 
[3  ].  Three  oxidation  peaks  are  well  resolved,  including  a  low-density 
peak  around  0.75  V  and  a  broad  peak  around  1.82  V,  correspond¬ 
ing  to  the  partial  decomposition  of  the  polymeric  coating  on  the 
NiO  surface,  and  a  broad  peak  around  2.54  V,  corresponding  to  the 
decomposition  of  Li20  [3,4].  For  the  electrodeposited  NiO  film  elec- 


Fig.  5.  The  comparison  of  the  CV  curves  of  the  two  film  electrodes  at  the  3rd  cycle. 
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Fig.  6.  The  cycling  performances  of  the  two  film  electrodes  cycled  at  (a)  0.5  Ag-1 
and  (b)  1.5  Ag-1. 


trode,  the  two  reduction  peaks  shift  to  0.36  V  and  1.16  V,  and  the 
three  oxidation  peaks  shift  to  0.81  V,  1.89  V  and  2.61  V,  respectively. 
Obviously,  weaker  polarization  and  better  reversibility  is  obtained 
for  the  film  prepared  by  chemical  bath  deposition. 

Fig.  6  shows  the  cycling  performance  of  the  two  film  electrodes. 
It  can  be  seen  that  the  film  prepared  by  chemical  bath  deposition 
has  higher  reversible  capacities  and  much  better  capacity  retention 
both  in  the  current  densities  of  0.5  Ag-1  and  1.5  Ag-1.  The  specific 
capacity  of  the  NiO  film  prepared  by  chemical  bath  deposition  after 
50  cycles  is  490  mAh  g-1  at  the  current  density  of  0.5  A  g-1,  and 
350  mAh  g-1  at  1.5  A g-1.  For  the  electrodeposited  film  electrode, 
this  capacity  is  only  230  mAh  g-1  at  0.5  A  g-1,  and  170  mAh  g-1  at 
1.5  Ag-1.  The  good  capacity  retention  and  rate  properties  of  NiO 
film  prepared  by  chemical  bath  deposition  are  caused  by  its  highly 
porous  structure.  The  large  pores  between  the  nanoflakes  result 
in  easy  access  by  the  electrolyte,  so  each  nanoflake  can  be  fully 
immersed  in  the  electrolyte  [12].  As  the  nanoflakes  are  20 nm  in 
thickness,  the  diffusion  length  of  the  Li+  ions  is  reduced  to  10  nm. 


Flowever,  for  the  dense  NiO  film,  only  the  surface  of  the  film  can  be 
contacted  with  the  electrolyte,  and  result  in  a  much  longer  diffusion 
length  of  about  1  p,m.  In  addition,  the  porous  film  has  a  high  specific 
surface  area,  and  this  will  reduce  the  specific  current  density  in  NiO. 
So  it  is  possible  for  the  porous  film  to  have  high  specific  capacity 
and  good  cycling  performance  at  high  current  density  because  all 
the  NiO  nanoflakes  including  the  surface  and  the  inner  parts  can 
react  with  Li+  very  fast  even  at  high  current  density.  Finally,  the 
porous  structure  has  another  advantage,  which  can  result  in  bet¬ 
ter  performance.  As  it  is  knows,  the  reaction  between  NiO  and  Li+ 
causes  a  volume  change,  but  for  the  porous  film,  the  porous  struc¬ 
ture  can  relax  the  tension  caused  by  this  volume  change,  which  is 
also  result  in  better  cycling  performance. 

4.  Conclusions 

The  porous  NiO  film  and  the  dense  NiO  film  were  prepared  by 
chemical  bath  deposition  and  electrodeposition  method,  respec¬ 
tively.  The  porous  morphology  is  benefit  for  the  electrochemical 
performance  of  the  film.  The  porous  NiO  film  exhibited  higher  ini¬ 
tial  coulombic  efficiency,  weaker  polarization,  and  better  cycling 
performance  than  the  dense  film.  This  is  attributed  to  its  porous 
structure,  as  the  porous  film  has  a  high  specific  surface  area,  lead¬ 
ing  to  a  larger  contact  area  between  the  film  and  the  electrolyte 
and  a  shorter  diffusion  length  of  lithium  ions,  and  can  also  relax 
the  volume  change  caused  by  the  reaction  between  NiO  and  Li+. 
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